Many applications of thermally sprayed coatings call for increased fatigue resistance of coated parts. Despite the intensive research in this area, the influence of coating on fatigue is still not completely understood. In this paper, the localization of crack initiation sites and the dynamics of crack propagation are studied. The resonance bending fatigue test was employed to test flat specimens with both sides coated. Hastelloy-X substrates coated with classical thermal barrier coating consisting of yttria stabilized zirconia and NiCoCrAlY layers. The strain distribution on the coating surface was evaluated by the Digital Image Correlation method through the whole duration of the fatigue test. Localization of crack initiation sites and the mode of crack propagation in the coated specimen are related to the observed resonance frequency. The individual phases of specimen degradation, i.e., the changes of material properties, crack initiation, and crack propagation, were identified. The tested coatings strongly influenced the first two phases, and the influence on the crack propagation was less significant. In general, the presented crack detection method can be used as a sensitive nondestructive testing method well suited for coated parts.
Introduction
Thermally sprayed coatings are often used to protect critical components from wear, temperature, or aggressive environment. For many of these components, coating or underlying substrate failure may have serious consequences. Therefore, the fatigue resistance of the coatingsubstrate composite subjected to cyclic mechanical loading is an important engineering parameter.
During the last few decades, significant research effort has been focused on finding fundamental factors that influence the fatigue life of coated components. The effects of residual stresses (Ref [1] [2] [3] [4] [5] [6] , interface properties (Ref 7, 8) , or failure mode of the coatings (Ref [9] [10] [11] were investigated. Despite the number of articles published, the actual damage scenario of many types of coating-substrate composites is still not fully understood. The fractographic analysis generally does not provide clear indications of crack initiation and propagation in the coating. The question arises whether the crack initiates in the coating and propagates toward the substrate, or the coating damage is a consequence of substrate crack opening. For some coatings, this question can be answered by observing the cracks on sample cross section (Ref 6, 12, 13) . For most of the other cases, the complicated coating micromorphology calls for the use of different method.
Three main types of degradation processes take place during the fatigue life of coated bodies, i.e., changes of material properties, fatigue crack initiation, and fatigue crack growth. The changes of material properties can be either permanent or temporary and usually, but not necessarily, show saturation behavior (Ref 14) . The fatigue cracks may initiate at specific locations in the substrate and coating, or at the coating-substrate interface. The fatigue crack growth can proceed in both coating and substrate materials, with different damage sequences possible. The specimen resonance frequency inherently reflects the immediate specimen stiffness and therefore is a very sensitive indicator of the fatigue damage (Ref 11) . However, further information is necessary to separate the influence of the individual types of degradation processes. The most important task is the identification of the moment of crack initiation and the description of the following crack growth. However, the processes described above generally overlap in the time domain, which makes their identification rather complex.
The resonance bending (R = À1) fatigue test of flat unnotched specimens is an efficient way for testing fatigue This article is an invited paper selected from presentations at the 2015 International Thermal Spray Conference, held , in Long Beach, California, USA, and has been expanded from the original presentation.
properties of coated materials (see e.g., Ref 6, 9, 11, 15, 16) . The fatigue test device ''SF-Test'' developed at Czech Technical University is capable of high loading frequency (~100 Hz) and excites the specimen exactly at its first resonance mode. The fatigue test is therefore very fast and, at the same time, the loading frequency can be used to indicate stiffness changes of the coating-substrate composite with remarkable sensitivity and without the need of test interruption.
A direct observation of the coating surface can in principle provide relevant information regarding crack initiation and crack growth. Unfortunately, the complex coating surface morphology makes the direct crack observation a tedious task, especially, if the size and location of the crack is a priori unknown. In order to overcome these difficulties, a combination of direct optical surface monitoring and digital image correlation (DIC)-based strain mapping system was developed. The strain mapping method enables unambiguous identification of strain concentration areas and also detection of crack mouths at the sample surface. The strain mapping based on DIC was already utilized by several authors to describe the strain field around cracks. The DIC methods that do not address the crack discontinuity directly (Ref [17] [18] [19] can be characterized as continuous DIC methods. In these methods, the crack is detected by thresholding the deformation field. On the other hand, discontinuous methods such as the subset ÔsplittingÕ (Ref 20) already presume the fatigue crack discontinuity and can be used as advanced crack detectors. Unfortunately, the computational cost of the discontinuous method is often very high.
In this study, we attempted to address the problems described in the above paragraphs, i.e., to locate the fatigue crack initiation sites and to describe crack propagation during fatigue experiment. Samples prepared at subsequent phases of thermal barrier coating (TBC) manufacturing process were used for the study. The research is closely related to the fatigue study of TBCs (Ref 21) ; however, the sample set presented in this study is reduced to single loading amplitude. The continuous DIC method based on surface strain thresholding is used for the crack detection.
Materials and Methods
The conventional TBC coatings were deposited by atmospheric plasma spray (APS) on Hastelloy-X substrates at University West, Trollhattan, Sweden. Sets P, GB, APSBC, and APSBCTC correspond to subsequent stages of the coating process and are described in Table 1 À3 was selected for simplicity. This choice ensures significant difference in the specimen fatigue lives and avoids runouts (N > 30 9 10 6 ) at the same time. The specimen surface in the critical region was observed throughout the fatigue test by the strain mapping method described below.
The fatigue testing was performed on the ''SF-Test'' resonance bending device for bending ''fixed-free'' flat cantilevers. The loading is performed at the first resonance frequency of the specimen, and the specimen loading is given by its first modal shape. The loading amplitude is controlled by maintaining the deflection amplitude U of the specimen free end. The specimen geometry, region of crack initiation, axis naming convention, and the loading factor C corresponding to the first modal shape are shown in Fig. 2 . Due to the geometry of the sample and imposed bending, fatigue cracks initiate in the region of maximum straining close to fixed end. The strain range applied to substrate surface in this area was estimated by finite element modeling and verified successfully by strain gage measurement.
In contrast to other similar fatigue test machines (Ref 22, 23) , the real-time phase shift technique is used to keep the loading frequency equivalent to the resonance frequency for the whole duration of the fatigue test. The phase shift technique updates the immediate loading frequency based on the measured phase shift between excitation and deflection according to Fig. 3 . The shape of the /(f) relation can be well approximated by the solution of forced damped single degree of freedom oscillator and used for the estimation of total loss factor g of the sample. The phase shift and deflection amplitude are discriminated from the harmonic signals using the nonlinear method based on standard IEEE 1057. The described implementation of the phase shift technique maintains the phase shift to 0.5°precision. The free end deflection amplitude U is maintained with ±5 lm precision.
The typical course of sample resonance frequency f and loss factor g during a fatigue test is illustrated in Fig. 4 for sample coated with NiCoCrAlY bond coat. In the first part of fatigue life, before crack detection, both f and g decrease, i.e., simultaneous decrease of both specimen damping and specimen stiffness is observed. The underlying processes can be described as material property changes or microcrack formation. Both of these processes usually lead to saturation. In the second part of fatigue life, the frequency f starts to gradually drop and the fatigue cracks are detected by DIC. At the same time, the damping increases due to energy dissipation in the plastic zone at the crack tip and due to the friction of crack faces. The source of crack damping is investigated in detail in (Ref 24) .
The experiment stopping condition is formulated to be sensitive to the fatigue crack growth in final stage of the fatigue life. At the same time, the effects of material property changes and microcrack formation should be suppressed. It was observed that resonance frequency usually stabilizes approximately in the middle of specimen fatigue lifetime (see Ref 11) , indicating the saturation of sample stiffness changes resulting from material property changes and formation of microcracks. Therefore, the value of sample resonance at specimen half-life f(N/2) can be used as a reference value. The stopping condition is then based on frequency drop df = f(N/2) À f(N), where f(N) is the actual loading frequency. The experiment is stopped, when df reaches an arbitrary value. One peculiarity of the method comes from the fact, that the controlled variable is the deflection amplitude U of the cantilever free end. The actual strain in the critical section (corresponding to the area y = 30-50 mm in Fig. 2 ) may change during the fatigue life due to localized material property changes such as cyclic hardening or softening or microcracks formation. For many materials, however, only minor changes are observed and the test can be regarded as strain controlled until the crack propagation takes place.
The strain mapping and crack detection were performed on images of the specimen surface captured at certain phase of the loading cycle, i.e., the image acquisition was synchronized to the moment, when the sample free end deflection reached its extreme position (see Fig. 5 ). At this moment, the observed specimen surface was at the maximum tensile strain, and crack opening was maximized. The images of the strained specimen surface were automatically obtained at fixed interval, corresponding approximately to 1% of expected specimen lifetime. Moreover, the surface images were also made at each 0.1 Hz of resonance frequency change to reflect the rapid changes in the specimen stiffness that take place at the beginning and at the end of the test.
In order to detect the localized surface deformation caused by the fatigue crack, the deformation field on the sample surface was estimated by the digital image correlation method (DIC). The Ncorr software (Ref 25) was used to perform DIC computations and to evaluate the strain components e yy, , e xx , and c xy . The subset radius of 20 pixels and subset spacing of 3 pixels were used. Unfortunately, the position of the observed area with respect to the camera is different in reference (unloaded) and current (deflected) state (see Fig. 5 ) of the specimen. Therefore, the specimen surface position in deflected state has to be known in order to correct the strain field. The approximate surface deflection curve computed by finite Journal of Thermal Spray Technology element method can be used for this purpose. However, even the uncorrected strain maps referenced to specimen at deformed configuration at the beginning of the test (see Fig. 4 ) offer valuable information on the strain distribution on the sample surface. The corrected strain field was used for crack detection. The standard DIC protocol neglecting crack-induced strain discontinuities was used (Ref 25) . The crack opening was detected as excessively large e yy strain. For this threshold, a value of 7 9 10 À3 was selected. Selecting a different value in the range from 5 9 10 À3 to 10 9 10
À3
will have only minor influence on the obtained results. The individual crack mouths were identified automatically at the thresholded binary images, and corresponding crack growth curves were estimated by an in-house developed routine written in Matlab (MathWorks, USA). Two types of cracks were detected by the DIC method: surface cracks and edge cracks (see Fig. 6 ). For simplicity, we describe the cracks as half ellipses in the case of surface cracks and quarter ellipses in the case of edge cracks. In bending load, the longitudinal stress decreases toward the neutral axis. As a consequence, the minor axis of the ellipse is perpendicular to the specimen surface and major axis is parallel to it. For the surface crack, the length of the crack mouth is equal to 2c, whereas for the edge crack, it is equal to c. The crack length is denoted a, and can be estimated by a suitable model from crack mouth length c. A crack mouth reaching the specimen edge is always considered as an edge crack, similarly, two cracks with common crack mouth are considered as one crack. This simplification deliberately neglects the remaining material denoted by black color areas in Fig. 6 . However, the fatigue crack will quickly propagate through this remaining material due to the stress concentration. Therefore, the used simplification should not introduce significant discrepancy between the physical reality and the used description.
The experimental setup used (see Fig. 5 ) enabled the observation of only one side of the specimen during the fatigue test. However, due to the symmetry of the test, cracks can be expected also on the opposite side. Therefore, after the fatigue test, the specimens were rotated in the test device, and the cracks on the other side were detected from strain distribution recorded at reduced strain range De yy = 0.7 9 10 À3 . In this case, the reduced e yy threshold value of 1.5 9 10 À3 was used. The reduction of stress range is necessary, in order to prevent further crack growth during the crack detection.
To verify the findings of the DIC method, the fractographic analysis was performed after the fatigue test. The crack maps (see Fig. 8 ) were used to cut material containing major cracks out of the specimens. The cracks were opened by bending in the crack opening direction. In such a way, it is possible to open the fatigue cracks with limited plastic deformation of the sample and minimal damage of the fracture surfaces. The fractographic analysis and surface morphology observation were performed using the JEOL JSM-5510LV scanning electron microscope (SEM).
The surface roughness is an important engineering parameter influencing the fatigue endurance. Therefore, surface roughness was measured by a SURFTEST SJ-210 (Mitutoyo, Japan) portable roughness tester. The measurement was performed at speed of v = 0.5 mm/s over a length of l = 2.5 mm. Five longitudinal and five transversal measurements were evaluated for each sample. As the transversal and longitudinal roughness was not statistically different, the average values of all ten measurements are presented.
Results
The fatigue lives of the four examined specimens are summarized in Table 1 . Clearly, the grit blasted (GB) specimen showed several orders of magnitude higher fatigue life than as-received and APS-coated samples. The results of the DIC method and fractographic analysis are summarized and discussed below in order to explain this difference.
The surface morphology of the specimens was favorable for the use of DIC method. The surface defects on asreceived sample P, grit blasting imprints, and stuck grit on GB sample as well as splats of coated samples acted as a fine pattern that is necessary for the DIC method. The individual elements of the pattern were much smaller, than the subset diameter (see Fig. 7 ) and consequently were below the resolution limit of the DIC method. Apart from forming the fine pattern, the above-mentioned features also defined the surface roughness of the specimen (see Table 1 ). The grit blasting increased the R a roughness only slightly, from 0.2 to 2.4 lm. The increased fatigue life of the GB specimen clearly shows that this increase of roughness was not able to counteract the other beneficial effects of grit blasting. More significant increase of R a was measured for coated specimens, with R a = 12.2 lm, R a = 11.0 lm for APSBC, and APSBCTC samples, respectively. The internal microstructure of the coating, however, contains defect such as voids and splats interfaces or cracks (see Ref 21) . These internal defects may lead to more significant stress concentration, than the surface defects. Thus, further study is necessary to assess the effects of both coating roughness and internal defects on fatigue behavior. The main results of the DIC method include the crack mouth positions detected on both surfaces of the four observed samples in Fig. 8 , e yy strain distribution at specimen half-life in Fig. 9 , and crack growth curves in Fig. 10 , 11, 12, and 13. These results provide important information on the specimen damage.
For the as-received (P) specimen, the fatigue cracks on the observed surface had counterparts at similar location on the opposite surface of the specimen (see Fig. 8 ). Most probably, these paired cracks grew in parallel. The crack initiation is promoted by slightly inhomogeneous e yy strain field (see Fig. 9 ). Multiple edge and surface cracks were detected on the observed sample side. The crack growth curves are not smooth, crack growth rate fluctuates significantly, and the crack mouth is not straight. This is a result of relatively coarse-grain microstructure of the specimen (Ref 21) . The individual crack growth is also influenced by the stress redistribution caused by the growth of other cracks (see Fig. 10 ). For example, crack #6 strain field is reduced by the growth of crack #1, and therefore, crack #6 gradually closes after approx. 420 9 10 3 fatigue cycles. Crack coalescence is also detected when edge crack #5 joins the surface crack #2.
In the GB specimen, only one edge fatigue crack was detected and its propagation is shown in Fig. 11 . The fatigue crack growth curve is relatively smooth, and the crack mouth shape is straight. The most probable cause for this different behavior when compared to as-received sample is the significant deformation introduced to the substrate surface layer microstructure by grit blasting. This deformation leads to mechanical interlocking of grain boundaries, increasing the grain boundary density and subsequent strain hardening and residual stress buildup (Ref 6) . Please note that combination of these beneficial effects overcame the detrimental effect of the presence of sharp grit residuals and higher roughness (Fig. 7) which may readily cause undesirable stress concentration at the surface and thus promote crack initiation. Another consequence of grit blasting is the relatively homogeneous strain field e yy of the GB sample (see Fig. 9 ).
In the NiCoCrAlY bond coated specimen (APSBC) (see Fig. 12 ), edge and surface fatigue cracks were again detected on both sides of the specimen (Fig. 8) . However, their location and size on the opposite sides of the specimen differed significantly. The fatigue crack growth was not smooth, and cracks coalescence took place. The most probable cause of both multiple initiation and irregular crack growth is the inhomogeneity of the coating caused by the interfaces of individual splats, often consisting of different phases. This inhomogeneity is reflected in the e yy strain field depicted in Fig. 9 .
Only one edge fatigue crack was detected on the observed side of sample with the composite YSZ + NiCoCrAlY coating (APSBCTC) (see Fig. 13 ). On the opposite side, however, both surface and edge cracks were detected (see Fig. 8 ), and therefore, similar crack Journal of Thermal Spray Technology initiation and propagation mode to the APSBC sample can be expected. The strain field at the specimen surface is even more inhomogeneous (see Fig. 9 ) than in the case of APSBC. The strain is localized in the ridges of length up to several millimeters, most probably corresponding to formation of the vertical segmentation cracks (Ref 26) or horizontal localized coating decohesion cracks observed in YSZ deposits e.g., in (Ref 27) . In order to compare the effect of surface treatment on fatigue crack growth kinetics, the crack growth curves of major edge cracks are summarized in Fig. 14 . Despite the order of magnitude difference in the fatigue life of GB and other specimens, the crack growth rates are very similar. The only notable difference is the slightly slower crack growth rate of the P specimen. The pairing of the fatigue cracks on the opposite surface of the specimen (see Fig. 8 ) may be causing this slow down effect. Based on the data in Fig. 14 , it can be stated that for the observed crack lengths, the surface treatment of the sample does not have significant influence on the crack growth stage. The results of the DIC method were compared with the results of the fractographic analysis carried out on fracture surface. The final crack mouth length c and crack initiation site positions are compared in Table 2 . The results of DIC and the fractographic analysis are very similar for the P and GB sample demonstrating applicability of the developed method for crack length measurement. For the APSBC sample, significantly longer crack was detected by DIC on the sample surface (coating) then by fractographic analysis in the substrate. This finding supports the hypothesis that the fatigue crack in the bond coat is forerunning the fatigue crack in substrate at least in the final stages of the fatigue life. The cracks in the coating probably opened to accommodate the deformation at crack tip strain concentration zone. The question to ask is, however, whether the cracks in the bond coat above the stress concentration zone are connected to the magistral crack, or whether DIC methods are simply unable to separate several small neighboring cracks due to its low resolution. For the APSBCTC coating, the difference between DIC and the fractographic analysis is considerably smaller. In this case, however, the observed crack was significantly shorter than in case of APSBC sample, and therefore, the strain concentration at the crack tip might be not strong enough to cause coating cracking. Alternative hypothesis is that the cracking of the bond coat was obscured by the top coat.
Apart from geometrical comparison with the DIC method, the fractographic analysis revealed significant morphological differences in crack initiation and propagation. The microfractographic features of the coating are extremely difficult to identify them due to the complicated coating microstructure (see Ref 6, 16, 28) . All fatigue cracks propagated in a shape of a half or quarter ellipse with major axis situated at the substrate surface, justifying the approximation in Fig. 6 . For the as-received P sample, the cracks initiated below sample surface at favorably oriented grain boundaries, probably in the vicinity of inherent precipitates. The early stages of crack growth were influenced by the material structure forming large facets (Fig. 15) . In contrast to P specimen, the fatigue crack initiation of GBand APS-sprayed specimens was caused by the micro-notches induced by grit blasting. The transgranular facets can be found around the blasting particle imprints, but they are significantly smaller (see Fig. 16 ) than in the case of as-received P samples, probably as a result of the grit blasting that refined the subsurface microstructure. The microstructure deformation of the substrate surface forms the fatigue crack retardation zone, up to a depth of 160 lm below the substrate surface. In this zone, the fatigue crack growth is slowed down considerably. The crack propagates from the zone boundary toward the interior of the substrate as well as to the substrate surface (see Fig. 17 ). This zone is preserved even after coating deposition in APSBC and APSBCTC specimens. The crack retardation can be characterized by compressive residual stress and microstructural changes such as strain hardening according to (Ref 6, 29) . Compressive residual stress introduced by grit blasting can result in significant crack closure and related fracture surface obliteration, an effect clearly observed on the fracture surface of the crack retardation zone (see Fig. 17 ).
Conclusions
The obtained results show that the DIC method can be efficiently utilized for localization of crack initiation sites and estimation of crack growth curves in specimens subjected to resonance fatigue test. The results obtained for specimens corresponding to individual phases of TBC preparation fatigue tested at a strain range De yy = 3.3 9 10 À3 can be summarized as follows:
Fatigue lives of the HVAF GB substrate GB are about 35 times longer than the fatigue lives of the asreceived P and coated specimens APSBC and APSBCTC.
The localization, types of initiation (surface or edge), and total number of fatigue cracks in the particular specimen are related to its surface treatment.
In the as-received P specimen, multiple surface and edge cracks initiated and major cracks propagated symmetrically on both surfaces of the specimen. Crack interactions caused by strain field redistribution were observed as well as crack coalescence.
Only one edge crack was detected for the GB specimen. For the coated APSBC and APSBCTC specimens, multiple edge and surface cracks initiated, and the major crack symmetry observed on the P specimen was however not retained.
Differences in the strain field character on the specimen surfaces were detected. The most homogeneous strain field was detected on the GB specimen. The increased strain field inhomogeneity was detected on the surface of the P, APSBC, and APSBCTC specimen.
The crack retardation zone was introduced to the substrate by grit blasting and was retained even after the coating deposition. As this zone is present both in the GB and coated specimens, another factor explaining the fatigue life differences has to be found. The detected strain field inhomogeneities can be considered as such factor and can potentially explain the observed fatigue life differences. However, more detailed multiscale study of the strain field is necessary. Fig. 15 Typical micromorphology of crack initiation sites of P specimens. Crack propagates from bottom to top of the image Fig. 16 Crack initiation site of GB specimen. Arrows show crack propagation from grit blasting particle imprint Fig. 17 The crack retardation zone introduced into substrate by grit blasting. Substrate surface is at the bottom of image. White arrows show fatigue crack propagation directions. Black arrows point to obliterated areas. The zone boundary is marked by white dots
The estimated crack growth rates of all observed specimen are similar, the primary influence of the surface treatment is on the crack initiation and the very early stages of crack growth.
The DIC method can provide important information concerning the fatigue damage of the specimen even when the cracking induced strain field discontinuity was neglected by the DIC algorithm. At the same time, the method provides a sensitive robust nondestructive testing tool for crack detection. The inclusion of crack-induced strain discontinuity to the DIC algorithm would enable the crack opening displacement measurement and would also improve the sensitivity of crack detection. New type of such algorithm was already developed by the authors of this paper and is currently tested.
